Introduction {#S0001}
============

Gastric cancer is a malignant tumor originating from the gastric mucosal epithelium, and it is one of the most prevalent malignant tumors, ranking fifth and third in terms of morbidity and mortality, respectively, among cancers worldwide.[@CIT0001] Gastric cancer ranks second in cancer morbidity and mortality with an estimated 679,000 new gastric cancer cases and 498,000 deaths in China in 2015.[@CIT0002] In addition, there are fewer early gastric cancer patients in China compared to patients in the US, and gastric cancer patients in China have larger tumors that are discovered at a later stage. Due to later detection combined with possible environmental and genetic risk factors, the probability of five-year death from gastric cancer is higher in Chinese patients after surgery than in American or Korean patients.[@CIT0003] Although the prognosis of gastric cancer has gradually improved with the use of multiform treatments, such as chemotherapy, surgery, radiotherapy and combination therapy, the overall treatment status for gastric cancer is still not optimistic, and the underlying mechanisms of the progression of gastric cancer remain unclear. The mechanism of gastric cancer-related genes needs to be further elucidated.

Regulator of chromosomal condensation 2 (RCC2), also known as TD-60, has been found to be required for the maintenance of the normal cell cycle.[@CIT0004],[@CIT0005] Recently, it has been shown that RCC2 is frequently overexpressed, and its overexpression is related to poor prognosis in lung adenocarcinoma.[@CIT0006] In colon cancer, mutations in the 5ʹUTR region of RCC2, which is associated with reduced expression of the protein, have been found to be an independent marker for improved outcomes in microsatellite-instable patients.[@CIT0007] RCC2 has been shown to exhibit functions by regulating the activity of small GTPases, including Rac1 and RalA.[@CIT0008],[@CIT0009] RalA belongs to a small GTPase superfamily named the Ras family of proteins. RalA activation has been shown to be associated with various human cancers, including pancreatic cancer,[@CIT0010],[@CIT0011] colorectal cancer,[@CIT0012] hepatocellular carcinoma,[@CIT0013] lung cancer,[@CIT0014] and prostate cancer.[@CIT0015] RalA has oncogenic effects and plays a multifunctional role in regulating tumor initiation and metastasis.[@CIT0016] The MAPK/JNK signaling pathway is involved in tumorigenesis and progression through interaction with a wide range of molecules, and it plays an important role in both cell proliferation and cell death.[@CIT0017] Our results revealed that RCC2 is often highly expressed in gastric cancer, but the function and underlying mechanisms have rarely been reported. Therefore, we investigate the effect and further details of RCC2 in gastric cancer in this study.

Our results indicated that RCC2 is commonly overexpressed in gastric cancer and may act as a tumor-promoting factor. Knockdown of RCC2 inhibits cell growth and motility, while RCC2 overexpression yields the opposite results. RCC2 may act, at least in part, through RalA, and knockdown of RCC2 may also affect the MAPK/JNK pathway.

Materials and Methods {#S0002}
=====================

Tissues and TMAs {#S0002-S2001}
----------------

Gastric cancer tissues (n=133) and paired adjacent normal tissues (n=133) were collected from 2015 to 2018 at the Chinese PLA General Hospital. All patients provided written informed consent. The study was approved by the Ethics Committee of the Chinese PLA General Hospital and was conducted in accordance with the Declaration of Helsinki. Tissue microarrays containing 115 paired gastric cancer tissues were created using the tissues obtained above. Histochemistry score (H-score) was used to assess the results of tissue microarray immunohistochemistry. The formula for H-score is as follows: H-score = (percentage of cells of weak intensity × 1) + (percentage of cells of moderate intensity × 2) + (percentage of cells of strong intensity × 3).

Cell Culture, Transfection and Chemicals {#S0002-S2002}
----------------------------------------

The SGC-7901 and MGC-803 human gastric cancer cell lines were purchased from the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. All cells were cultured in DMEM (Gibco, USA) supplemented with 10% FBS (Kangyuan Biology, China) at 37°C and 5% CO~2~ in a cell incubator with standard humidity. Two effective siRNAs (5ʹ-GGUGAUAGCAAGAGAUGAA-3ʹ and 5ʹ-GGGACUUGAUUGGUCGAAA-3ʹ) and a negative control siRNA were transfected using Chemifect-R (Fengrui Biotechnology, China). The shRNA vector (shared the corresponding sequence as siRNA1) and the RCC2 overexpression vector were constructed using pLV-U6-MCS-luc-puro and pLV-CMV-MCS-3flag-luc-puro vectors (Hanbio, China). Vectors were transfected using Chemifect (Fengrui Biotechnology, China). To establish stable cell lines, lentiviral vectors were transfected into 293TN cells, and recombinant lentivirus was extracted and concentrated after 48 hrs of transfection. SGC-7901 and MGC-803 cells were infected with titer-determined lentivirus, and stably transfected cells were screened using puromycin (Beyotime Biotechnology, China). RBC8 was obtained from TargetMol (USA).

Western Blotting {#S0002-S2003}
----------------

Tissues and cells were lysed with RIPA lysis buffer (Beyotime Biotechnology, China). The concentrations of the protein extracts were determined using a BCA Protein Assay Kit (Pierce, USA). Equal amounts of cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, and then blocked in 1x TBST with 5% skim milk. Membranes were incubated in primary antibodies overnight at 4°C and then with HRP-conjugated secondary antibodies (Zhongshan Golden Bridge, China) for 2 hrs. Chemiluminescent imaging was performed to detect the immunoreactivity signals using Tanon High-sig ECL Western Blotting Substrates (Tanon Science & Technology, China). The following primary antibodies were used: RCC2, MKK4, ^Ser257/Thr261^p-MKK4, JNK, ^Thr183/Tyr185^p-JNK, c-Jun, ^Ser63^p-c-Jun, ATF-2, ^Thr71^p-ATF-2, STAT3, ^Ser727^p-STAT3, Bcl-2, ^Ser70^p-Bcl-2, Bax, Flag, RalA (all from Cell Signaling Technology, USA), ^Thr167^p-Bax (Biorbyt, UK) and GAPDH (Proteintech, USA).

qRT-PCR {#S0002-S2004}
-------

In brief, total RNA was extracted using Trizol (Invitrogen, USA), and RNA concentration and purity were measured using a Nanodrop 2000 (Thermo Fisher Scientific, USA). First-strand cDNA was synthesized using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). Specific primers (RCC2 forward, 5ʹ-GGTCTTAGCCACGAAGTGATTG-3ʹ; RCC2 reverse, 5ʹ-TCGTACTCTATCCGCTGTGCC-3ʹ; actin forward, 5ʹ-CACCCAGCACAATGAAGATCAAGAT-3ʹ; and actin reverse, 5ʹ-CCAGTTTTTAAATCCTGAGTCAAGC-3ʹ) were synthesized by Servicebio (China). FastStart Universal SYBR Green Master (ROX) (Roche, Switzerland) was used to configure the PCR amplification reaction system. Actin was used as an internal control, and RCC2 gene expression was quantified using the 2^−ΔΔCt^ method.

Cell Proliferation and Wound-Healing Assay {#S0002-S2005}
------------------------------------------

Cells were seeded in 96-well plates, and 10 µL of CCK8 reagent (Dojindo Laboratories, Japan) was added per well according to the assay kit instructions at different time points. The absorbance was measured at a wavelength of 450 nm after 1 hr of incubation at 37°C and 5% CO~2~ with standard humidity.

For the wound-healing assay, cells were grown in 6-well plates, and an artificial wound was carefully created using pipette tips. Images of the wound areas were captured at 0, 24, and 48 hrs after the wound was created.

Cell Migration and Invasion Assays {#S0002-S2006}
----------------------------------

Migration and invasion assays were performed using a 24-well transwell chamber (Corning, USA). Cells were counted and placed in the upper chamber of the well, and 500 µL of medium containing 20% serum was added to the lower chamber. The transwell chamber was then transferred to a cell incubator and incubated for 24 hrs at 37°C and 5% CO~2~ with standard humidity. The cells remaining on the upper surface of the chamber were wiped away carefully twice using cotton swabs. The cells that migrated to the lower surface were fixed with 4% paraformaldehyde and then subjected to crystal violet staining. The number of migrated cells from random fields was counted under a microscope. Each value was obtained using at least five random fields.

For the invasion assay, similar procedures were performed. However, cells were incubated for 48 hrs, and equal amounts of Matrigel (Corning, USA), which was melted at 4°C and diluted with serum-free medium, were placed into the upper chamber and incubated at 37°C before counting the cells.

Co-Immunoprecipitation {#S0002-S2007}
----------------------

In brief, 293TN cells were transfected with control or RCC2-3xFlag vector as mentioned above. Cells were lysed using NP-40 lysis buffer after transfection. Supernatants were then collected after centrifugation at 4°C and transferred to preprocessed Flag beads (Sigma-Aldrich, USA) for 2 hrs at 4°C. Beads were collected after centrifugation and were washed three times, and 2x Laemmli buffer was added. After boiling for 10 mins, samples were analyzed by SDS-PAGE and Western blot analysis.

RalA Pull-Down Assay {#S0002-S2008}
--------------------

RalA pull-down was performed using a RalA Activation Assay Biochem Kit (Cytoskeleton, USA). Established SGC-7901 and MGC-803 cell lines with or without RCC2 knockdown (SGC-7901-KD-RCC2 and MGC-803-KD-RCC2; or SGC-7901-NC and MGC-803-NC cells) were cultured and lysed using Cell Lysis Buffer. After the protein concentrations were determined as mentioned above, equivalent protein lysates were incubated with RalBP1-RBD beads at 4°C for 1 hr and then centrifuged and washed. The collected beads were resuspended in 10 µL of 2x Laemmli buffer and boiled followed by SDS-PAGE and Western blot analysis.

Xenograft Experiments {#S0002-S2009}
---------------------

BALB/c nude mice (5−6 weeks old) were purchased from SPF Biotechnology (China) and injected with established MGC-803 cell lines (MGC-803-NC and MGC-803-KD cells). Cells were suspended in serum-free DMEM at a density of 2x10^7^/mL, mixed with Matrigel (Corning, USA) at a 1:1 ratio, and subsequently injected into the right dorsum of each mouse at a dose of 200 µL. Neoplasms were identified and measured twice per week. Tumor volumes were calculated using the following formula: V (mm^3^) = (L x W^2^)/2 (L, long diameter; W, wide diameter). Bioluminescence imaging was performed using IVIS Spectrum (PerkinElmer, USA) to detect xenograft tumors at 14 days after cancer cell injection. Briefly, mice from each group were injected intraperitoneally with 150 mg/kg luciferin (PerkinElmer, USA) 10−15 mins before in vivo imaging. After 2 weeks, mice were sacrificed, and tumors were collected for further hematoxylin and eosin (HE) staining and IHC analysis. All animal experiments were conducted in accordance with the regulations of the Administration of Laboratory Animals and were approved by the Medical Laboratory Animal Center of the Chinese PLA General Hospital.

Immunohistochemistry {#S0002-S2010}
--------------------

Tissues were fixed with 4% paraformaldehyde, dehydrated, embedded in paraffin wax, and sectioned. After deparaffinization and rehydration, EDTA was used for antigen retrieval, and 3% H~2~O~2~ was added to block endogenous peroxidase. Sections were then blocked in 3% BSA for 30 mins at room temperature. Primary antibodies (RCC2, Abcam; p-JNK, Cell Signaling Technology) were added and incubated at 4°C overnight. HRP-conjugated secondary antibodies (Servicebio, China) were added, and sections were incubated for 50 mins at room temperature. DAB reagents were used for the color reaction followed by counterstaining with hematoxylin.

Statistical Analysis {#S0002-S2011}
--------------------

Experimental data were displayed as the mean ± SD, and graphics were generated using GraphPad Prism version 7. Differences among experimental data were analyzed using Student's *t* test, nonparametric tests or ANOVA according to the data model, and *P*\<0.05 was considered statistically significant.

Results {#S0003}
=======

RCC2 Is Frequently Overexpressed in Gastric Cancer {#S0003-S2001}
--------------------------------------------------

To identify if RCC2 is differentially expressed in tumor tissues and normal tissues, we performed quantitative RT-PCR on 11 paired samples of tumor and normal tissues. The mRNA level of RCC2 was significantly higher in tumor tissues than in normal tissues ([Figure 1A](#F0001){ref-type="fig"}). To confirm these results, we analyzed the RCC2 mRNA expression level in gastric cancer in the TCGA and GTEx databases using GEPIA. The results revealed consistent differences in tumor and normal tissues in gastric cancer ([Figure 1B](#F0001){ref-type="fig"}). We next investigated the protein expression of RCC2 in gastric cancer by performing IHC and using H-score to measure the protein expression in 115 paired tissues. The H-score for RCC2 was significantly higher in tumor tissues than in normal tissues ([Figure 1C](#F0001){ref-type="fig"}). Furthermore, RCC2 was more highly expressed in tumor tissues than in normal tissues in 94 patients ([Figure 1D](#F0001){ref-type="fig"}). The IHC results also revealed that RCC2 expression was higher in tumor tissues than in normal tissues from different T, N and pathological stage patients ([Figure 1E](#F0001){ref-type="fig"}). Representative IHC images from tumor and normal tissues are shown in [Figure 1F](#F0001){ref-type="fig"}, in which the expression of the protein in the cytosol and nucleus is indicated. The different expression levels were further confirmed by Western blotting using alternative tissues ([Figure 1G](#F0001){ref-type="fig"}). Moreover, we determined RCC2 expression in the 293TN cell line, a human gastric epithelial cell line (GES-1) and several gastric cancer cell lines (including HGC-27, AGS, MKN-45, SGC-7901, and MGC-803). RCC2 was expressed at lower levels in GES-1 cells than in the gastric cancer cell lines ([Figure 1H](#F0001){ref-type="fig"}).Figure 1RCC2 is upregulated in gastric cancer. (**A**) Eleven paired samples of gastric cancer tissues (T) and adjacent normal tissues (N) were investigated by quantitative RT-PCR. The RCC2 mRNA level was significantly higher in gastric cancer tissues than in normal tissues. \**P*\<0.05. (**B**) The RCC2 mRNA level was significantly higher in gastric cancer tissues (T) than in normal tissues (N) in the TCGA and GTEx databases using GEPIA. \**P*\<0.05. (**C**) The RCC2 protein level was significantly higher in tumor tissues (T) than in adjacent normal tissues (N) according to IHC and H-score. \**P*\<0.05. (**D**) Log~2~(T/N) value of the RCC2 H-score of the analyzed samples. T and N represent tumor tissues and adjacent normal tissues, respectively. (**E**) The RCC2 H-score was higher in tumor tissues (T) than in normal tissues (N) in samples with different T, N, and pathological stages. RCC2 levels were measured using IHC. \**P*\<0.05. (**F**) Representative IHC images from tumor and normal tissues. Positive staining for RCC2 was found mainly in tumor tissues. Scale bar, 20 µm. (**G**) RCC2 expression was higher in tumor tissues than in adjacent normal tissues for most paired samples. (**H**) RCC2 expression in 293TN, GES-1, HGC-27, AGS, MKN-45, SGC-7901 and MGC-803 cell lines.

RCC2 Knockdown Inhibits Cell Proliferation {#S0003-S2002}
------------------------------------------

SGC-7901 and MGC-803 cells were transfected with two siRNAs specifically targeting RCC2 and an overexpression vector. siRNA transfection efficiency was measured by fluorescence microscopy using FAM-siRNA (data not shown). To confirm the changes in the RCC2 protein expression level, Western blot analysis was performed with an anti-RCC2 antibody. The RCC2 protein level was downregulated in both SGC-7901 and MGC-803 cells after siRNA transfection ([Figure 2A](#F0002){ref-type="fig"}), while the RCC2 protein level was upregulated in SGC-7901 and MGC-803 cells after RCC2 overexpression vector transfection ([Figure 2B](#F0002){ref-type="fig"}). To further confirm the target gene changes, we performed quantitative RT-PCR to measure the mRNA level of RCC2 in post-transfection cells. The mRNA level was significantly lower or higher in target cells after siRNA or overexpression vector transfection, respectively, than in cells with negative siRNA or control vector transfection ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). To investigate the effect of RCC2 changes on gastric cancer cell proliferation, a CCK8 assay was used. Knockdown of RCC2 significantly inhibited the growth of both SGC-7901 cells and MGC-803 cells ([Figure 2E](#F0002){ref-type="fig"}). In contrast, RCC2 overexpression promoted the proliferation of SGC-7901 cells and MGC-803 cells ([Figure 2F](#F0002){ref-type="fig"}). The difference between siRNA groups and vector groups became increasingly significant over time.Figure 2RCC2 knockdown inhibits cell proliferation. (**A, B**) RCC2 protein expression was downregulated or upregulated after RCC2 siRNAs or RCC2 vector transfection, respectively, compared to that after NC siRNA or control vector transfection in SGC-7901 and MGC-803 cells. (**C, D**) RCC2 mRNA was downregulated or upregulated after RCC2 siRNAs or RCC2 vector transfection, respectively, in SGC-7901 and MGC-803 cells. \**P*\<0.05. (**E, F**) RCC2 knockdown inhibited cell growth in SGC-7901 and MGC-803 cells, while RCC2 overexpression promoted cell growth in SGC-7901 and MGC-803 cells. \**P*\<0.05.

RCC2 Knockdown Inhibits Cell Migration and Invasion {#S0003-S2003}
---------------------------------------------------

To investigate the motility of gastric cancer cells after RCC2 knockdown or overexpression, migration and invasion assays were performed. The migration assay showed that the SGC-7901 and MGC-803 cells migrated less and that fewer cells crossed the membrane when RCC2 was knocked down compared to cells in the NC group. The invasion assay showed a similar trend as mentioned above ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). When RCC2 was overexpressed, the number of cells that crossed the membrane was increased in both the migration and invasion assays in both cell lines ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). To further verify the migration ability, wound-healing assays were performed ([Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). The images show that RCC2 knockdown inhibited wound closure in both SGC-7901 and MGC-803 cells after 24 hrs or 48 hrs of incubation, while RCC2 overexpression promoted wound closure to some extent. In conclusion, RCC2 downregulation inhibits the migration and invasion of SGC-7901 and MGC-803 cells, and overexpression of RCC2 promotes these abilities.Figure 3RCC2 knockdown inhibits the migration and invasion abilities of SGC-7901 and MGC-803 cells. (**A**--**D**) Transwell assays showed that RCC2 knockdown inhibited migration and invasion (**A, B**) but that RCC2 overexpression promoted migration and invasion (**C, D**) in SGC-7901 and MGC-803 cells. \**P*\<0.05. (**E, F**) Wound-healing assays showed that RCC2 knockdown inhibited wound closure (**E**) but that RCC2 overexpression promoted wound closure (**F**) in SGC-7901 and MGC-803 cells. Representative images were captured after the wound was created at 0, 24 and 48 hrs. \**P*\<0.05.

RCC2 Interacts with RalA and Affects the MAPK/JNK Pathway {#S0003-S2004}
---------------------------------------------------------

To investigate the underlying mechanism, a co-IP assay was performed using 293TN cells ([Figure 4A](#F0004){ref-type="fig"}). Cells were transfected with the RCC2-3xFlag vector or control vector. RCC2 and Flag were detected by anti-RCC2 and anti-Flag primary antibodies, which showed that the targeted and control vectors were successfully transfected. After processing with Flag beads, endogenous RalA was detected in the RCC2 vector-transfected group but not in the control group. The co-IP results demonstrated the interaction between RCC2 and RalA. It is well known that RalA, a small GTPase, produces an effect by interacting with its downstream effector proteins such as RalBP1 and changing its GTP form to a GDP form.[@CIT0018] To further investigate the interaction between RCC2 and RalA, a RalA pull-down assay was performed to detect changes in RalA-GTP levels using SGC-7901-NC and SGC-7901-KD-RCC2 as well as MGC-803-NC and MGC-803-KD-RCC2 cells ([Figure 4B](#F0004){ref-type="fig"}). The results indicated that the level of RalA-GTP was decreased when RCC2 was knocked down in both SGC-7901 and MGC-803 cells. In addition, we investigated several targets in the MAPK/JNK pathway ([Figure 4C](#F0004){ref-type="fig"}). Western blot analysis showed that increased levels of phosphorylated proteins were detected, while RCC2 levels were decreased in SGC-7901 and MGC-803 cells. These phosphorylated proteins included p-MKK4, p-JNK, p-c-Jun, p-ATF-2, p-STAT3, p-Bax and p-Bcl-2, which are related to the MAPK/JNK pathway. These results indicated that knockdown of RCC2 may reduce the level of RalA-GTP and affect the MAPK/JNK pathway.Figure 4RCC2 interacts with RalA, mediating the levels of RalA-GTP and the MAPK/JNK pathway. (**A**) The interaction between RCC2 and RalA was measured by a co-IP assay after transfection of the RCC2-3xFlag vector or control vector. Endogenous RalA was detected by Western blotting. (**B**) The RalA-GTP level was measured by a RalA pull-down assay. RalA-GTP was downregulated in the RCC2 knockdown SGC-7901 and MGC-803 groups compared to the NC groups. (**C**) Western blot assays were performed to detect the phosphorylation of MAPK/JNK pathway. RCC2 knockdown promoted phosphorylation of the MAPK/JNK pathway in SGC-7901 and MGC-803 cells.

RalA Inhibitor Blocks Cell Proliferation and Motility as Well as Mediates RalA-GTP and the MAPK/JNK Pathway {#S0003-S2005}
-----------------------------------------------------------------------------------------------------------

To confirm the effect of RalA in SGC-7901 and MGC-803 cells, RBC8, a specific small-molecule inhibitor, was used. To investigate the effect of RBC8 on cell proliferation, we performed a CCK8 assay ([Figure 5A](#F0005){ref-type="fig"}). The results showed that 20 µM and 40 µM RBC8 significantly inhibited cell growth of SGC-7901 and MGC-803 cells and that 40 µM RBC8 inhibited cell growth better than 20 µM RBC8. We next investigated the effect of RBC8 on cell motility by performing migration and invasion assays ([Figure 5B](#F0005){ref-type="fig"}). We found that 20 µM and 40 µM RBC8 significantly reduced the number of cells crossing the membrane in both the migration and invasion assays using SGC-7901 and MGC-803 cells ([Figure 5C](#F0005){ref-type="fig"}). To further verify the effect of RBC8 on cell migration, a wound-healing assay was performed ([Figure 5D](#F0005){ref-type="fig"}). The images showed that wound closure was slower upon treatment with 20 µM or 40 µM RBC8 than under the control conditions. The inhibition effects of RBC8 on cell proliferation and motility occurred in a dose-dependent manner. To investigate the effect of RBC8 on RalA-GTP, a RalA pull-down assay was performed. Western blot analysis showed that RBC8 decreased the level of RalA-GTP in both SGC-7901 and MGC-803 cells at concentrations of 20 µM and 40 µM ([Figure 5E](#F0005){ref-type="fig"}). These results suggested that cell proliferation and motility were inhibited by the blockade of RalA activation via RBC8. To investigate the effect of RBC8 on the MAPK/JNK pathway, we performed Western blot analyses ([Figure 5F](#F0005){ref-type="fig"}), which showed increased levels of phosphorylated proteins, including p-MKK4, p-JNK, p-c-Jun, p-ATF-2, p-STAT3, p-Bax and p-Bcl-2, in the RBC8 groups.Figure 5RBC8 inhibits cell proliferation and motility as well as mediates the levels of the RalA-GTP and MAPK/JNK pathways. (**A**) RBC8 (20 µM and 40 µM) inhibited SGC-7901 and MGC-803 cell growth. \**P*\<0.05. (**B, C**) Cell migration and invasion assays showed that the number of cells passing through the membrane significantly decreased with the addition of 20 µM and 40 µM RBC8. \**P*\<0.05. (**D**) Wound-healing assays showed that 20 µM and 40 µM RBC8 inhibited wound closure in SGC-7901 and MGC-803 cells. Representative images were captured after the wound was created at 0, 24 and 48 hrs. \**P*\<0.05. (**E**) RalA-GTP was downregulated after treatment with 20 µM and 40 µM RBC8 compared to the DMSO group in SGC-7901 and MGC-803 cells. (**F**) RBC8 promoted phosphorylation of the MAPK/JNK pathway in SGC-7901 and MGC-803 cells.

RCC2 Knockdown Inhibits Tumor Progression in vivo {#S0003-S2006}
-------------------------------------------------

To assess the effect of RCC2 knockdown in vivo, we established a xenograft tumor mouse by injecting MGC-803-NC or MGC-803-KD-RCC2 cells into the right dorsum of nude mice. During the observation period, tumor volumes were measured twice per week, and tumor growth was significantly slower in the RCC2 knockdown group than in the NC group ([Figure 6A](#F0006){ref-type="fig"}). At the end of the experiment, tumors were separated and weighed. The tumor sizes and weights were decreased in the RCC2 knockdown group ([Figure 6B](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}). Bioluminescence imaging was performed to detect the xenograft tumors in mice at day 14. Bioluminescence images showed weaker bioluminescent signals in the RCC2 knockdown group than in the NC group ([Figure 6D](#F0006){ref-type="fig"}). Further HE and IHC experiments were performed to identify tumors and the expression levels of RCC2 and p-JNK. HE staining showed that the tumor cells were arranged irregularly with large and deep stained nuclei ([Figure 6E](#F0006){ref-type="fig"}). IHC images showed decreased RCC2 and increased p-JNK in knockdown xenograft tumors compared to NC tumors ([Figure 6E](#F0006){ref-type="fig"}).Figure 6RCC2 knockdown inhibits xenograft tumor growth in vivo. (**A**) Tumor volumes were compared between the NC group and RCC2 knockdown group. Tumors in the knockdown group were significantly inhibited. \**P*\<0.05. (**B**) Tumor weights were compared between the NC group and RCC2 knockdown group. Tumors in the knockdown group were significantly smaller. \**P*\<0.05. (**C**) Images of mouse xenograft tumors from the NC group and RCC2 knockdown group. (**D**) Bioluminescence images showed weaker bioluminescent signals in mice from the RCC2 knockdown group than in mice from the NC group. (**E**) HE and IHC staining images verifying tumors and the expression of RCC2 and p-JNK. Scale bar, 20 µm.

Discussion {#S0004}
==========

RCC2 has been reported to be expressed abnormally in various cancers, including lung adenocarcinoma, colorectal cancer, and ovarian cancer.[@CIT0006],[@CIT0007],[@CIT0019] High expression of RCC2 may be associated with poor prognosis in lung adenocarcinoma and later pathological stages in ovarian cancer.[@CIT0006],[@CIT0019] The reduced expression of RCC2 caused by mutations in its 5ʹUTR region has been found to be an independent marker for improved outcomes in microsatellite instable (MSI) patients, while few RCC2 mutations have been found in microsatellite stable (MSS) patients, revealing that RCC2 may act as a prognostic marker in colorectal cancer.[@CIT0007] RCC2 has been found to be upregulated in cisplatin-resistant ovarian cancer cell lines and play a positive role in cell proliferation, apoptosis, and migration.[@CIT0020] Taken together, RCC2 may play an oncogenic role in these tumor models.

In this study, RCC2 was frequently overexpressed at both the mRNA and protein levels in gastric cancer compared to normal gastric tissues. The abnormal mRNA level of RCC2 in gastric cancer tissues was consistent with a previously published finding.[@CIT0021] The functions of RCC2 in cell proliferation, migration, and invasion were measured using two targeted siRNAs or an overexpression vector. Downregulated RCC2 significantly inhibited cell proliferation, migration, and invasion in SGC-7901 and MGC-803 gastric cancer cell lines, while upregulated RCC2 functioned in the opposite manner. Thus, RCC2 may play an oncogenic role in gastric cancer in vitro in accordance with the experiments using other tumor models mentioned above.

The underlying mechanism of RCC2 has been studied to some extent in previous studies. RCC2 may function in membrane protrusion and delivery by regulating Rac1 and Arf6.[@CIT0022] Furthermore, RCC2 guides mesenchymal migration by forming a complex with coronin-1C and Rac1.[@CIT0023] RCC2 may also alter apoptosis and drug sensitivity by interacting with Rac1 and inhibiting Rac1-GTP and STS-induced JNK phosphorylation in tumor cells, such as cervical cancer, lung cancer, and breast cancer.[@CIT0019] Moreover, RCC2 exhibits guanine exchange factor (GEF) activity toward RalA, a small GTPase, thus regulating kinetochore-microtubule interactions in early mitosis.[@CIT0009] RCC2 binds to RalA and promotes RalBP1, and RalA knockdown or overexpression reverses the cellular function changes induced by RCC2 overexpression or knockdown in ovarian cancer cells.[@CIT0020]

In this study, we performed co-IP to verify the interaction between RCC2 and RalA. Furthermore, the level of RalA-GTP was determined and found to be decreased in RCC2 knockdown gastric cancer cells using a RalA pull-down assay. Moreover, the present study showed that the MAPK/JNK pathway was phosphorylated in RCC2 knockdown gastric cancer cells. RBC8 has been reported to be an effective small molecule that reduced the intracellular activation of RalA.[@CIT0024] Hence, RBC8 was used to investigate the cellular function changes by inhibiting RalA-GTP in gastric cancer cells. Treatment with the RalA inhibitor, RBC8, inhibited cell proliferation, migration, and invasion but promoted phosphorylation of the MAPK/JNK pathway. These results indicated that RCC2 knockdown may inhibit cell proliferation, migration, and invasion in gastric cancer by interacting with RalA and affecting the phosphorylation level of the MAPK/JNK pathway. It has been suggested that RalA and other small GTPases, such as Rac1 and Cdc42, may activate MLK3 and mediate JNK activation.[@CIT0025],[@CIT0026] Here, we found induced phosphorylation of the MKK4-JNK pathway in RCC2 knockdown or RBC8-processed gastric cancer cells, suggesting that other factors may exist that lead to consistent MAPK/JNK phosphorylation in these two situations. Further investigation is required. Finally, we used a xenograft model to investigate the effect of RCC2 knockdown on gastric cancer in vivo. RCC2 knockdown significantly inhibited tumor growth in a gastric cancer xenograft model, indicating that RCC2 may play an important role in gastric cancer progression.

Conclusions {#S0005}
===========

In summary, this study demonstrated that RCC2 may play an important role in gastric cancer progression. RCC2 knockdown inhibited cell proliferation, migration, and invasion in vitro as well as tumor progression in vivo, which may act through RalA and affect the MAPK/JNK pathway.
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